Aerodynamic diameter is an important determinant of the physical processes that act 2 upon airborne fungi. Processes include gravitational settling, respiratory deposition, 3 penetration into buildings, resuspension from surfaces into air, and long-range transport. 4
Introduction 1
Aerodynamic diameter exerts significant influence over the important physical 2 processes that act upon airborne biological particles. These processes include but are not 3 limited to ice nucleation, gravitational settling, respiratory deposition, penetration into 4 buildings, resuspension into air, and long-range transport (Ariya et al., 2009; Nazaroff, 5 2004; Prospero et al., 2005; Riley et al., 2002; Thatcher & Layton, 1995; Yeh et al., 6 1996) . A particle's aerodynamic diameter is the diameter of a sphere with a density of 1 7 g/cm 3 that has the same settling velocity as the particle of interest. Traditionally, the 8 aerodynamic diameters of airborne fungi have been characterized by means of 9 enumerating culturable organisms that were captured on multistage cascade impactors 10 (Madelin & Johnson, 1992; McCartney et al., 1993; Reponen, 1995) or by 11 time-of-flight (TOF)-based aerodynamic particle sizing (Han et al., 2011; Madelin & 12 Johnson, 1992; Reponen et al., 1996) . These methods have important limitations for 13 characterizing fungal aerodynamic diameter in indoor air or in the outdoor atmosphere. 14 Impactor data derived from culturing is restricted to species that can be readily 15 identified, and cannot account for nonviable fungal spores and fragments, or fungi that 16 are not culturable under the given conditions (Peccia & Hernandez, 2006; Reponen, 17 1995) . TOF-based methods do not allow for the identification of fungal taxa or the 18 discrimination of fungal particles from nonfungal particles. Thus, their use is limited to 19 fungal aerosol studies that start from pure cultures. 20
Fungi are remarkably diverse with an estimated 1.5 million species (Bass & 21 Richards, 2011; Blackwell, 2011; Hawksworth, 2001) . Recent airborne fungal diversity 22 analyses based on fungal barcoding via next-generation DNA sequencing (NGS) has 23 resulted in the identification of hundreds to thousands of different fungal taxa in outdoor 24 8 concentrations of each taxon (N taxon ) are determined by the following equation: 1
where F taxon is the relative abundance fraction of a taxon obtained by NGS and N total is 3 the absolute concentration (SE m -3 ) of total fungi measured by the universal fungal 4 qPCR. The absolute concentrations of each taxon were calculated for each particle size 5 range (Fig. 1C) , and geometric means (d g ) and geometric standard deviation (ı g ) of 6 aerodynamic diameters were calculated for each taxon (Fig. 1D) . 7
As reported in the results section, the taxon-specific d g values ranged widely 8 from < 2.1 ȝm to 11.8 ȝm. For some taxa, particle size distributions were left-or 9 right-truncated, which potentially results in inaccurate d g and ı g estimations if 10
traditional forward-calculation methods are used (Yamamoto et al., 2012) . Here we 11 used a best-fit d g and ı g method which has the advantage of not requiring knowledge 12 of the upper size limit on the largest bin, and does not utilize any a priori assumptions 13 about the distribution within each size bin. In this method, we executed a search 14 procedure to solve for the best-fit values of d g and ı g under the assumption that the 15 sampled size distributions of taxon-specific fungal DNA were lognormal. The 16 procedure aimed to minimize the residual between predicted and measured particle 17 size distributions (Fig. 2) by using the least-squares method. To avoid the risk of 18 settling on a local minimum, all possible combinations of d g (0.4 to 15 µm in steps of 19 0.01 µm) and ı g (1.01 to 3 in steps of 0.01) were tested. The computations were 20 executed using Excel Visual Basic for Applications ver. 7.0, which can be downloaded 21 at https://sourceforge.net/projects/gmcalculator/. 22
For most taxa, we used the seasonally averaged particle size distributions as 23 the input for computing values of d g and ı g . For some taxa, the largest relative 24 abundances were in the winter; however, the absolute fungal DNA concentrations were 1 the lowest in the winter. In some of these cases, we found a high residual when 2 computing the geometric parameters for annual averaged data. Thus, in cases in which 3 the residual between the predicted and measured particle size distributions was greater 4 than 20% for the annual average data and the greatest relative abundance was observed 5 in the winter, only the winter data were used to compute d g and ı g . The distributional 6 parameters for these taxa were excluded from the final reporting if the residuals also 7 were greater than 20% using the winter data. Some taxa showed a residual greater than 8 20%, and the greatest relative abundance was not found in the winter. However, none 9 of these taxa was found to show a residual smaller than 20% even when selecting only 10 the most abundant season. 11 12
Count median diameter (CMD) estimation 13
The DNA-based methods provide particle size distributions of airborne fungi 14 based on the third moment of particle size distribution (i.e., corresponding to mass 15 distributions). To allow for comparisons with culture-based literature data that reflect 16 the first moment of particle size distributions (i.e., corresponding to count distributions), 17
we also estimated count median diameters (CMD) for geometric means of fungal 18 aerodynamic diameters characterized by the NGS-based method and for species-specific 19 qPCR. To estimate CMD, the Hatch-Choate equation was used (Hinds, 1999) : 20 The ı g values were also consistent between these two methods ( varied substantially across the fungal taxa, ranging from < 2.1 ȝm for Antrodia to 11.8 1 ȝm for Epicoccum. Large d g values were observed for the Ascomycota genera of 2 Alternaria (10.6 ȝm), Epicoccum (11.8 ȝm), Leptosphaerulina (9.55 ȝm), and 3 Monilinia (9.68 ȝm). The d g values smaller than 3.3 ȝm were observed for the 4 Basidiomycota genera of Antrodia (< 2.1 ȝm), Phlebia (3.04 ȝm) Sistotrema (2.26 ȝm) 5
and Wallemia (3.01 ȝm). 6 7
Discussion 8
Although the aerodynamic diameter is an important microbial feature that 9 influences fungal aerosol source emissions, deposition rates and environmental fate, 10 and human exposure, this parameter has not been well characterized in prior studies for 11 relevant fungal taxa in an environmental setting. The present study demonstrates an 12 approach for determining the aerodynamic diameters of a broad diversity of fungal 13 taxa (2 phyla, 9 classes, and 55 genera) suspended in bioaerosols. The method, applied 14 here to atmospheric samples, is also appropriate for indoor air studies. 15
The reported NGS-based method produced fungal particle-size distributions 16 that were highly consistent with those characterized by taxon-specific qPCR (Fig. 3) . 17
Given that taxon-specific qPCR has established accuracy as a reference method 18 (Haugland et al., 2004; Meklin et al., 2004) , the results indicate the capability of the 19 NGS-based method to accurately assess fungal aerodynamic diameters. 20
Application of this approach using size-resolved relative abundance data from 21 prior sampling campaigns revealed a diversity of aerodynamic diameters among taxa. 22
Taxon-dependent d g values are expected owing to fungal physiology, physical spore 23 sizes, method of spore release, and environmental fate and transport that are unique to 24 each fungal group. At the phylum rank, average geometric means of aerodynamic 1 diameters were 7.68 ȝm for Ascomycota and 4.44 ȝm for Basidiomycota (Fig. 1) . The 2 dominant classes of the Ascomycota and Basidiomycota phyla were Dothideomycetes 3 and Agaricomycetes, respectively (Fig. 4) . Large proportions of Dothideomycetes and 4
Agaricomycetes in outdoor air were also reported in a previous sequencing-based study 5 (Fröhlich-Nowoisky et al., 2009) . The four most abundant genera of the class 6 Dothideomycetes and their d g values were Leptosphaerulina (9.55 ȝm), Epicoccum 7 (11.8 ȝm), Cladosporium (5.52 ȝm), and Alternaria (10.6 ȝm) (Table 3 ). These fungi 8 produce large multicellular dictyospores with reported spore sizes of 24-36×10-14, 9
15-25, 3-11×2-5, 18-83×7-18 ȝm, respectively (Cole & Samson, 1984; Mitkowski & 10 Browning, 2004) . Meanwhile, the four most abundant genera of the class 11
Agaricomycetes and their d g values were Peniophora (4.41 ȝm), Exidia (5.70 ȝm), 12 Stereum (4.13 ȝm), and Trametes (3.34 ȝm) ( Table 2) . Their reported spore sizes are 13 6.5-8×3-3.5, 2-4×1, 2.5×6-7, and 6.6-9.2×2.4-3 ȝm, respectively (Burt, 1920; Ingold, 14 1995; Li & Cui, 2010; Whelden, 1936) . 15
As described in the results section, seasonal variations in the aerodynamic 16 diameters have been observed, with the smallest values found in the summer. The 17 observed tendency was consistent with results using species-specific qPCR in our 18 previous study (Yamamoto et al., 2012) . Though the mechanisms are unknown, the 19 smaller spores might be produced during summer owing to higher temperature 20 (Phillips, 1982) . The finding may be clinically relevant as changes in spore sizes can 21 affect inhalability and respirability of allergenic and pathogenic airborne fungal spores 22 (Reponen, 1995) . 23
Comparing the aerodynamic diameters of fungal bioaerosols with spore sizes 24 derived in a prior culture-based environmental study reveals that the geometric mean 1 aerodynamic diameters estimated from the qPCR and NGS methods are greater ( Table  2 1). A possible cause of this finding is the agglomeration of fungal spores in the 3 atmosphere or in indoor air (Heikkila et al., 1988; Lacey, 1991) . Using culture-based 4 methods, a single aerosol dispersal unit that contains multiple spores may develop into 5 only one colony and thus result in one identifiable fungal count per dispersal unit. NGS 6 and qPCR methods, in contrast, quantify the multiple spores in the above dispersal unit, 7 thus assigning a value greater than one fungal count to this larger, aggregate particle. 8
Consequently, the moments of particle size distributions are different, and molecular 9 techniques may produce a larger d g value than culture-based techniques. In addition, 10 comparing the qPCR-and NGS-based d g values or the culture based d g values from 11
environmental studies (Table 1) to different environmental samples. In each environment, the sizes of airborne fungal 17 spores or DNA may vary by attachment to other abiotic particulate matter (Lighthart, 18 1997; Yamaguchi et al., 2012) . Finally, the existence of nonculturable fungal fragments 19 that produce an NGS/qPCR signal might further differentially impact the observed 20 particle size statistics of fungal aerosols (Peccia & Hernandez, 2006) . 21
Limitations in the present method for determining taxon-specific size 22 characteristics center upon assumptions made in converting relative abundance values 23 to absolute concentrations. The accuracy of this taxon-specific concentration 24 estimation has previously been described (Dannemiller et al., 2014) . While the 1 NGS/qPCR methods for determining taxon-specific concentration are strongly 2 correlated with taxon-specific qPCR results from the same sample (Pearson's r = 0.996 3 p < 0.001), systematic biases have been observed in the conversions of a quantity of a 4 reference fungal strain into absolute quantities of different fungal taxa (Dannemiller et 5 al., 2014) . Using a single strain of A. fumigatus for universal qPCR calibration, while 6 necessary, was expected to cause biases owing to taxon-dependent variations in the 7 numbers of rDNA copies per fungal genome (Maleszka & Clarkwalker, 1993; Rooney 8 & Ward, 2005) . 9
Notably, unlike taxon-specific concentration calculation, determination of 10 particle size metrics such as d g and ı g by the NGS/qPCR method appear to be less 11 sensitive to a bias associated with copy number variation of fungal ITS. Indeed, a 12 strong correlation between the NGS/qPCR method and taxon-specific qPCR for 13 quantifying the d g values has been observed (Fig. 2) . This outcome is expected due to 14 the nature of the d g and ı g calculations, which use the relative proportion of absolute 15 concentrations of each fungal taxon quantified across each particle size bin. Though 16 strain-dependent variation has been reported in the numbers of rDNA copies in A. techniques. Taxon-specific qPCR, culturing, or the use of TOF techniques significantly 6 limits the extent of taxon-specific aerodynamic diameters that can be determined in 7 environmental aerosols. The present study used a new approach combining NGS and 8 universal fungal qPCR to evaluate aerodynamic diameters of multiple fungal taxa. The 9 method characterized particle-size distributions of 55 specific fungal genera with a 10 single set of NGS and universal fungal qPCR data, providing important information 11 about the aerodynamic properties of diverse airborne fungal DNA. This new method 12 expands the scope of fungal genera bioaerosol sizes. By avoiding the culture-based 13 underestimation of fungal spore in aggregate, the method also results in larger mean 14 particle sizes than previously reported by culture-based analysis. 15 fungal aerodynamic diameters as assessed by the next generation DNA sequencing 10 (NGS)-based method. Relative abundances of each fungal taxon were determined by 11 NGS (A), whereas particle size distributions of total airborne fungi were obtained by 12 universal fungal qPCR (B). The NGS-derived relative abundances of each fungal taxon 13 were multiplied by the qPCR-derived particle size distributions of airborne total fungi 14 (C) and the resulting taxon-specific particle size distributions were produced to 15 
